Several studies relating formwork pressure to rheology exist, however the relationship between rheology and leakage through formwork joints remains to be investigated. In practice, standard documents are used to define formwork tightness requirements, typically using a qualitative approach. To try bridge this gap in knowledge, we developed a test set-up to study tightness of formwork joints under pressure as a function of varying rheological properties. Coupled with standard rheology tests, this new test set-up provides means of linking flow rate, formwork pressure, flow area, and the rheological properties. The study seeks to provide insight on measurable governing parameters and thus inform formwork tightness requirements in a more quantifiable manner.
Introduction
Over the past years, there has been increasing interest amongst researchers to understand and characterize the behaviour of self-compacting concrete (SCC). Despite this growing trend, contractors generally still have problems with practical aspects of construction. There are still many gaps in knowledge that need to be explored in order to adequately resolve these issues. Due to the high fluidity of SCC, one of the main challenges cited by contractors is the increase in formwork pressure and leakage between formwork panels [1] . To avoid formwork collapse or excessive surface defects, stiffer forms and supplementary sealing actions are required, making the use of SCC unappealing. Although various studies on formwork pressure have been done [2] [3] [4] [5] [6] , the relationship between rheology and leakage of cement grout through formwork joints remains to be investigated. Leakage of cement grout at the formwork joints could result in poor surface quality or even honeycombing in more severe cases. Water and fine particles (cement, powders and fine sand) are drained away, leaving unacceptable surface defects [1] . The unfortunate thing is that these sub-standard results are only discovered after the formwork is removed and the concrete has already set.
Formworks provide support and confinement to concrete as it transitions from its fresh state to a solid mass. To prevent or minimise leakage of fresh concrete, the contact surfaces of adjacent formwork panels must be as close as possible. In practice it is difficult to obtain a perfect connection between two adjacent panels, thereby leaving a gap between the joints. The width of the gap between the formwork panels affects the nature of flow through the joint, as well as the quantity and composition of the material leaking through. Generally, the leaked material is composed of cement milk, paste, or mortar, depending on the width of the gap. The ease with which the concrete flows through the formwork joints is also dependent on rheological properties of the bulk fluid. Mixtures with higher slump for example have been reported to exhibit more leakage [7] . The problem of formwork leakage is thus one that involves both hydrodynamics and rheology. The nature of the problem is that of flow of a material (cement paste in this case) through a confined space (the formwork joint). Numerous studies of this nature (confined flow) have been carried out in many fields outside the scope of concrete technology. For example, the flow of pastes through an orifice [8] , the simultaneous discharge of liquid and grains from a silo [9] , or flow of colloidal suspensions through small orifices [10] .
In the present study, the theory of confined flow through small openings was used to develop a device to study the flow of cementitious materials (pastes and mortars) through formwork joints. This was coupled with design concepts of a previously developed portable device for evaluating formwork pressure [11] . While this new device may not be directly representative of the actual conditions in formwork and SCC, it provides a good base for a fundamental study that can then be extrapolated to a more representative test operation. It is a first step in an ongoing research to develop a method of characterization of rheological properties of SCC in relation to leakage behaviour and thus aid in the quantification of formwork tightness requirements. To begin our study, we decided to investigate the confined flow of pastes through an opening. As mentioned, when leakage of fresh concrete between formwork joints occurs, it is generally the liquid and paste material that make up the composition of the leaked fluid. From another perspective, concrete is a composite material that can be understood as a concentrated suspension of solid particles (aggregates) in a viscous liquid (cement paste) [12] . It would thus be beneficial in this case to understand how the cement paste, as the liquid medium, behaves under the various influencing conditions before the complexities of aggregates are included. It is understood that the results and trends observed for pure pastes may not hold when aggregates are incorporated into the mix design as this may cause a filtration effect. However, the data obtained from the investigations on pastes can be used to guide further studies on mortar and concrete.
Device to Study Formwork Tightness
A small-scale system was developed for the purpose of studying leakage as a function of pressure, rheological properties, and flow area. The system consists of a vertical steel column of circular cross section, diameter 100 mm. The top plate of the test cylinder is connected to an air compressor that supplies a regulated amount of air pressure into the device. The bottom plate of the test cylinder consists of interchangeable plates with various slit sizes so studies on the effect of different flow areas and geometries can be done. Figure 1 shows a schematic of the set-up. The test cylinder is filled with paste to a height of approximately 310 mm. A specified overhead pressure is then applied for approximately 1 min to allow for the pressure in the system to stabilise. Once this stable pressure value is achieved, the slit at the bottom of the cylinder is opened, allowing the material to flow. The mass flow rate is captured using an electronic balance equipped with data acquisition software. A calibrated pressure sensor is placed at the top plate of the column to monitor the actual pressure that is being applied and correlate it to the resulting flow rate. The overhead pressure can be varied to simulate different casting rates. In this study, pressures of 0.1 bar, 0.2 bar, 0.3 bar, 0.4 bar were applied to the system in order to imitate different casting pressures.
The effect of varying rheological properties can be investigated by varying the mix design of the test fluid, keeping all other test variables constant. The rheological properties of the pastes can be modified by using workability boxes and a 'vectorised rheograph' approach [13] . Thixotropic effects can also be investigated by leaving the
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Fluid head 310 mm material in the device for a set amount of time before initiating flow through the opening. As a first step, tests were conducted on limestone filler pastes. This removed the complexity of time dependency and allowed us to be more acquainted to the equipment and develop a test protocol. Two different limestone filler pastes were prepared. The material properties of the pastes are shown in Table 1 .
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To study the effect of flow area, two different slit sizes with rectangular geometry were used. The flow area of the two slits are 25.75 mm 2 (A1) and 60 mm 2 (A2), with dimensions of 1 mm Â 25.75 mm and 2 mm Â 30 mm for A1 and A2 respectively. For these tests, the rheological properties were kept constant by using the same limestone filler paste (LF2). The results are designated as LF2_A1 and LF2_A2 for the two respective flow areas.
Preliminary Results and Analysis
The overhead pressure applied to the system was measured and plotted. Typical values are shown in Fig. 2a . The three curves on both graphs of Fig. 2 represent three repetitions of the same test. The results show that the pressure remained relatively constant in the duration of the test, and thus an average value of pressure could be obtained. This average value of the three pressure readings was then taken as the actual pressure applied to the system. The mass of material flowing out of the slit was recorded in real time. Figure 2b shows a typical plot of the mass evolution. The curves show a linear increase implying a constant flow rate. The slope of the mass-time graph (Fig. 2b) gives the mass flow rate _ m. The volumetric flow rate Q, was then calculated by dividing by the density of the paste q:
The volumetric flow rate (expressed in L/min) was then plotted against the pressure applied in the system. Figure 3a shows the results of the two different limestone mixes, keeping the flow area constant. The results show a linear relationship between the flow rate and the pressure for both pastes. The paste LF1 exhibits higher flow rates for a given pressure than LF2. The results show that for an increase in yield stress by a factor of 2.54 and viscosity by 3.80, the flow rate increased by a factor of 1.41% ± 10% at any given pressure. Similar results were obtained by increasing the flow area from 25.75 mm 2 to 60 mm 2 . Figure 3b shows the results of the effect of increasing the flow area on the flow rate for a given paste. A linear relationship between flow rate and pressure was also obtained. Increasing the flow area by a factor of 2.33 resulted in a 2.67% ± 30% factor increase in the flow rate. In this instance, increasing the flow area had a larger impact on the flow rate than the increase in rheological properties. However, more tests need to be carried out to observe clear trends.
These preliminary experiments give promise to further understanding the phenomenon of leakage. With further testing, the goal is to obtain a theoretical expression that links flow rate to rheological properties and flow area. For instance, for a given change in yield stress and viscosity, the flow rate can be expected to change by a predicted factor. This paper presents a test set-up designed to study the flow of SCC through a slit. It highlights a preliminary study on the pressure-driven flow of limestone paste through a bottom orifice in a cylindrical container. Although this is only a first step in an ongoing study, the results already show the capabilities and information that can be extracted from such an experimental programme. More tests need to be carried out before meaningful correlations can be made. However, with these preliminary results it can be seen that test set-up is able to register the changes in flow rate due to a change in the input parameters. 
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